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We report on detailed polarized small-angle neutron scattering on cubic FeGe in magnetic fields
applied either along (transverse) the scattering vector or parallel (longitudinal)to the neutron beam.
The (H,T ) phase diagrams for all principal axes contain a segmented A-phase region just below the
onset of magnetic order. Hexagonal Bragg-spot patterns were observed across the entire A-phase
region for the longitudinal geometry. Scattering intensity was observed in parts of the A phase for
both scattering configurations. Only in a distinct pocket (A1) vanishing scattering intensity was
found in the transverse geometry.
PACS numbers: 75.25.-j, 75.30.Kz
In noncentrosymmetric magnetic mono-silicides and
mono-germanides the chiral Dzyaloshinskii-Moriya (DM)
interaction [1] usually stabilizes spiral one-dimensional
modulations [2]. Further theory developments have ap-
proved the stabilization of complex magnetic textures:
2D and 3D modulations with a fixed sense of rotation of
the magnetization vector (chiral skyrmions) [3–6]. Such
skyrmions in a form of isolated and bound axisymmet-
ric strings have been recently observed in thin films of
metallic cubic helimagnets [7–10], in the cubic multifer-
roic Cu2OSeO3 [11–14], and in Fe mono atomic layers
with surface/interface induced DM interactions [15]. In
thin magnetic films chiral skyrmions represent areas of
reverse magnetization localized into spots of nanoscale
size [6, 7].
The observed spiral, conical and skyrmionic states in
cubic helimagnets in a broad temperature (T ) and mag-
netic field (H) range are described by rotational modes
of the magnetization vectors with fixed magnitudes [1–4].
In close vicinity of the Curie temperature (TC) however,
unconventional magnetic properties and numerous phys-
ical anomalies are observed [16–26] which are denoted as
precursor effects [27, 28]. They are explained theoreti-
cally by softening of the magnetization modulus and a
strong coupling between angular and longitudinal modes
near TC [6, 27, 31]. Magnetic measurements revealed a
small closed pocket, the so called A phase, in the (H,T )
phase diagram of MnSi [16, 18], FeGe [27, 28], and some
other cubic helimagnets [29, 30]. Small-angle neutron
scattering (SANS) experiments at selected T showed that
in this area magnetic modulations are transverse to the
H direction [20, 21] and can produce six-fold Bragg spot
patterns [11, 22, 23].
This vast amount of experimental and theoretical stud-
ies provides considerable insight into the physical nature
of the precursor states in cubic helimagnets. Particularly,
it was conclusively established that the A-phase pocket
includes a multiplicity of different modulated states with
clear indications of phase transitions between them [27].
This is now supported by recent findings in Cu2OSeO3
[11, 13]. However, these results are still inconclusive
to reconstruct detailed spin-structures arising in the A-
phase area. This is mainly due to the fact that the SANS
experiments were focussed on a single compound [21, 22]
and more importantly, are restricted to a few particular
(H,T ) points close to the low-H and low-T boundary of
the A-phase, inferred from magnetic measurements [18].
There is no knowledge on the extension of the A-phase
region based on SANS experiments. This important in-
formation, however, is needed to interpret SANS pattern
from the edge of the A-phase region. Thus, only a careful
investigation of the enigmatic A-phase region by neutrons
can unveil the nature of the H-driven magnetic modula-
tions.
In this Letter we report on detailed polarized SANS
experiments on single crystals of FeGe as a function of ex-
ternal magnetic field at several temperatures below mag-
netic ordering. From this we were able to (i) determine
the extension of the A-phase region, (ii) confirm the seg-
mentation of the A phase, (iii) establish a region were
only longitudinal magnetic modulations exist, (iv) reveal
a large phase space where also transverse modulations are
present, and (v) confirm the A-phase boundaries deduced
from magnetic measurements. These results unambigu-
ously show that in FeGe and likely in some other cubic
helimagnets the A-phase region is an assembly of several
sub-pockets with rather complex 2D and 3D magnetic
modulations.
A single crystal of the cubic polymorph of iron mono-
germanide, -FeGe (B20-type of structure, space group
P213) [27] was studied using the SANS-2 instrument at
the HZG, Geesthacht. The crystal was an irregular but
almost spherical polyhedron with about 1.2 mm diame-
ter. The polarized neutron beam had a wavelength λ =
5.8 A˚ (∆λ/λ = 0.1) and an initial polarization P0 = 0.95.
The accessible Q-range was 0.003 ≤ Q ≤ 0.02 A˚−1. H
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FIG. 1. (Color online) (a) SANS map for the transverse ge-
ometry with the polarization P0 ⊥ k, i.e. perpendicular to
the incoming neutron beam, but parallel to H and the 〈100〉
direction. (b-d) Representative scattering maps for the lon-
gitudinal geometry (P0 ‖ k). Hexagonal Bragg-spot pattern
with Qh = Qs are found in a well defined (H,T ) range for all
principal axes.
sweeps were performed at several temperatures just be-
low TC = 278.7(3) K in two scattering geometries af-
ter zero H cooling (ZFC): (i) Transverse geometry with
the external H applied in the horizontal plane along the
scattering vector Qs, i.e. perpendicular to the incoming
neutron beam, k, and (ii) longitudinal geometry with H
along the incoming beam, i.e. perpendicular to Qh. In
both configurations measurements were done with the
sample oriented with its principal axes (〈100〉, 〈110〉 and
〈111〉) along H. Field cooling (FC) measurements were
also performed in the longitudinal geometry.
Figure 1(a) shows a SANS map in transverse geome-
try for H ‖ [100]. The well resolved Bragg peak corre-
sponds to a spiral with Qs = (−0.009, 0, 0) A˚−1 whereas
the reflection at −Qs is hardly visible. The strong peak
on the left hand side flips to the right hand side for
the opposite neutron polarization (not shown in Fig.1)
and disappears above TC K. This behavior is the con-
sequence of neutron scattering on magnetic spiral struc-
ture, when the polarization of the neutrons is aligned
along the scattering vector Q [33, 34]. A single Bragg
peak in this geometry corresponds to a mono chiral struc-
ture. Here a complete polarization analysis with analyzer
after the sample is not necessary, because this peak is
purely magnetic. To check the initial polarization we
used a MnSi sample as a reference. For FeGe, the spiral
vector Qs = (2pi/a)(ξ, 0, 0) A˚
−1, with a = 4.70 A˚ and
ξ = 0.0069, propagates along equivalent 〈100〉 directions
[32]. Similar SANS maps have been collected with H ap-
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FIG. 2. (Color online) Integrated intensity vs. H at various
temperatures after zero H cooling. (a-c) Transverse geome-
try. Lower (Hc1) and upper critical field (Hc2) as well as the
lower and upper boundaries of the A phase, HAL , and HAU ,
are defined for each T as indicated in (a). (d-f) Longitudinal
geometry. HAL and HAU are the same for all the tempera-
tures and H directions. The integrated intensity of the six-
fold Bragg pattern shows an almost constant, plateau-like H
dependence, followed by a pronounced maximum above HA∗ ,
which changes with T and H direction. The scattering inten-
sity of each of the six Bragg spots has a count rate very similar
to that of the single Bragg spot in the transverse geometry.
plied along other principal axes (not shown) at several
temperatures below TC (for ZFC). Completely different
SANS maps were observed for the longitudinal geometry
(H ‖ k). Representative examples are shown in Fig. 1(b-
d). Here a hexagonal pattern of Bragg peaks is seen at
wave vector Qh = Qs. It is noteworthy that the az-
imuthal intensity distribution of these peaks is uniform
within the statistical errors.
Figure 2 shows the integrated intensities [? ] of these
detailed H sweeps at selected temperatures. A strong
increase in intensity at low H is observed for all prin-
cipal axes in the transverse geometry (Fig. 2(a-c)). A
lower critical field, Hc1, can be defined as the field where
the slope of the intensity vs. H dependence changes.
Here spirals, with Qs parallel to equivalent directions
〈100〉 are aligned along a single [100] axis parallel to H
[21, 32]. At intermediate fields HAL < H < HAU and
T > 272.7 K (see Fig. 2(a)) a minimum in the scatter-
ing intensity occurs with almost vanishing intensity at
T = 276.7 K (c.f. Fig. 2(a-c)). These minima are remi-
niscent to the reduced magnetic susceptibility observed in
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FIG. 3. (Color online) Intensity maps for transverse (left)
and longitudinal (right) scattering geometry. The symbol size
represents the intensity and dots indicate vanishing intensity.
(a-c) Strong intensity in the major part of the phase diagram
confirms the magnetic structure reported in Ref. [32]. (d-f)
The H-induced intensity variation indicates a segmentation
of the A-phase region. The shaded regions correspond to the
sixfold scattering in the longitudinal geometry. Field-cooled
data (black symbols) give an idea about the T width of the
precursor region. The intensity at H = 0 for 〈100〉 is indica-
tive for the occurrence of the helical spin structure.
H sweeps across the A-phase region [27]. The intensity
eventually disappears at Hc2 where the field-polarized
state is reached. In the longitudinal scattering geometry,
however, noticeable scattering intensity is observed only
for fields in the range HAL < H < HAU . In this region
the intensity varies strongly with H and T (c.f. Fig. 2(d-
f)). For 276.2 K≤ T ≤ 277.2 K there is a H range
where the intensity is almost constant and followed by a
region HA∗ < H < HAU , where the intensity attains a
maximum. However, at just 1 K below this T interval,
a strongly reduced but still constant intensity is found
in the lower H region whereas the maximum at higher
fields is even more pronounced (see data for 275.2 K in
Fig. 2(d-f)). For similar temperatures the intensity in
the transverse geometry has only shallow minima for the
〈100〉 and 〈111〉 directions whereas a well pronounced
minimum is present for the 〈110〉 direction (c.f. data at
T = 274.8 K in Fig. 2(a-c)). Given the almost spherical
shape of the crystal demagnetization and stray field ef-
fects can be ruled out. It is important to note that across
the H range HA∗ < H < HAU intense single Bragg spots
were observed in the transverse geometry (see below).
These observations are summarized as intensity maps
in Fig. 3. In the transverse geometry (Fig. 3(a-c)) signif-
icant intensities are observed above Hc1 where the con-
ical phase (for T  TC) is entered [32]. Vanishing in-
tensity above the upper critical field Hc2 shows that the
H-aligned state is reached. The much reduced intensity
in a small H interval at T = 276.7 K reflects the mini-
mum found in the integrated intensity (c.f. Fig. 2(a-c)).
It lays in the shaded area which indicates the phase space
where the sixfold scattering was observed in the longitu-
dinal geometry.
The occurrence of scattering intensity in both geome-
tries unambiguously shows that the magnetic modula-
tions have longitudinal and transversal components im-
plying a complex magnetic structure. Furthermore, from
the intensity maps of the longitudinal geometry (Fig. 3(d-
f)) it is obvious that the A-phase region is partitioned
into sections with strong and weak scattering intensity.
The weak-scattering section is either mainly at the low-H
side (H ‖ 〈100〉, Fig. 3(d,e)) or at the high-H side of the
A-phase region (H ‖ 〈111〉, Fig. 3(f)). Above HAU the
intensity fades away. More insight into this important as-
pect of a segmented A-phase region can be gained when
the intensity maps for H ‖ 〈100〉 are combined with the
magnetic phase diagram established by magnetic suscep-
tibility measurements [27].
Figure 4 shows the combined (H,T ) phase diagram
of FeGe for H along the easy axis [100]. The first ob-
servation is that the location of the A-phase region de-
duced from the SANS data are in good agreement with
the phase diagram established by magnetic susceptibil-
ity measurements [27]. Moreover, the segmented nature
of the A-phase region is now confirmed by the SANS
data. There is a well-localized region, the A1 pocket,
where a six-fold Bragg pattern (longitudinal geometry)
and vanishing intensity (transverse geometry) were ob-
served. Attached to it is the A2 pocket where a hexagonal
Bragg pattern (longitudinal geometry) as well as single
Bragg spots (transverse geometry) were observed. The
upper boundary of A2 coincides with H
Lg
AU
and the lower
boundary is close to HTrAU . Thus the SANS data confirm
the segmentation of the A-phase region in FeGe.
The A2 pocket seems to be distinct from the A1 as it
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FIG. 4. (Color online) Magnetic phase diagram of FeGe based
on integrated SANS intensities (colored symbols) and mag-
netic susceptibility data (dotted lines) [27] for H ‖ [100]. The
two pockets, A1 and A2, of the A-phase region and the phase
lines are based on the magnetic-susceptibility data. Solid
lines represent the lower (HLgAL and H
Tr
AL
) and upper (HLgAU
and HTrAU ) boundaries of the A phase in the longitudinal and
transverse geometry, respectively.
is characterized by the occurrence of a maximum in the
intensities for the longitudinal geometry (see Fig. 2(d-
f)). It rules out the coexistence of a conical and a sim-
ple skyrmion-lattice phase. This points to the possibility
of the existence of complex magnetic modulations out-
side the A1 pocket. Therefore, it seems very likely that
the SANS pattern stem from a real 3D-modulated spin-
texture which transforms into a cone-like structure above
HTrAU . This is corroborated by the H dependence of the
scattering intensity observed in the transverse geome-
try for HTrAU < H < Hc2. Here the intensity variation
across the conical state, c.f. the curve for T = 270.7 K
in Fig. 2(a) is very similar to the data at higher tem-
peratures and HTrAU < H < Hc2. The coexistence of
single and six-fold Bragg spots below H
(1)
A can only be
explained when either the conical helix develops some
transverse modulations or a different magnetic structure
nucleates within the cone phase. From the SANS data
it is concluded that the magnetic structure of the A-
phase region, except A1, is modulated in all three spatial
directions. The modulations are inhomogeneous along
H. They rule out a magnetic texture composed of a
simple triple-helix structure as suggested for MnSi [22].
This is supported by recent reports on Cu2OSeO3 where
microwave-absorption [13] and SANS experiments [11]
clearly indicate an inhomogeneous A-phase as well.
In conclusion, the detailed polarized small-angle neu-
tron scattering data unambiguously confirm the segmen-
tation of the A-phase region into several pockets. The
SANS data confirm the complex phase diagram and its
phase boundaries inferred from magnetic susceptibility
data. Moreover, these data show that the origin and
magnetic structure of the A phase just below magnetic
ordering is distinct from the field-driven Skyrmion lat-
tices observed in thin films of noncentrosymmetric cubic
helimagnets at temperatures deep in the magnetically or-
dered state.
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